Abstract Low oxygen tension, i.e., hypoxia, is a pathophysiological component involved in many human disorders but is also a critically important phenomenon in normal development and differentiation. The ability of cells to survive under hypoxia or to adapt to it depends on a family of hypoxia-inducible transcription factors (HIFs) that induce the expression of a number of genes involved in hematopoiesis, angiogenesis, iron transport, glucose utilization, resistance to oxidative stress, cell proliferation, survival and apoptosis, and extracellular matrix homeostasis. We introduce here the recently identified molecular mechanisms responsible for the oxygen-dependent stability and activity of HIF, after which we focus on extracellular matrix genes as HIF targets. The vital role of the hypoxia response pathway in chondrogenesis and joint development is then discussed.
Introduction
An adequate supply of oxygen is essential for the function and survival of cells in the human body, and an abrupt decrease in oxygen availability caused by myocardial infarction or stroke is a major cause of mortality. Tissues may also suffer from chronic low oxygen tension in several pathological situations such as severe anemias and fibrotic diseases. Furthermore, hypoxia is clinically associated with tumor metastasis and poor prognosis. However, low oxygen tension also has an important role in normal development and differentiation and can be regarded as an essential regulatory signal during fetal development. The ability of cells to survive under hypoxia or to adapt to it depends on a family of hypoxia-inducible transcription factors (HIFs) that induce the expression of a number of genes involved in hematopoiesis, angiogenesis, iron transport, glucose utilization, resistance to oxidative stress and cell proliferation, survival and apoptosis. In addition, the expression of several genes involved in the synthesis of extracellular matrix is upregulated under hypoxic conditions (for reviews, see Schipani 2005; Bertout et al. 2008; Chandel and Simon 2008; Chowdury et al. 2008; Higgins et al. 2008; Kaelin and Ratcliffe 2008; Smith et al. 2008; Fraisl et al. 2009) . In this review, we introduce recently identified molecular mechanisms responsible for the oxygendependent stability and activity of HIF, after which we focus on extracellular matrix genes as HIF targets and the role of the hypoxia response in chondrogenesis and joint development.
Oxygen-dependent regulation of stability and activity of HIF HIFs are the master regulators of hypoxia-responsive genes. They are αβ heterodimers in which the stability and activity of the α subunit is regulated in an oxygendependent manner. HIF-α has three isoforms in humans, of which HIF-1α and HIF-2α are the most extensively studied (Ratcliffe 2006) . The proteolytic stability and transcriptional activity of the HIF-1α and HIF-2α subunits are regulated by two oxygen-dependent hydroxylation events. Under normoxic conditions, extremely low levels of the HIF-α subunits, if any, can be detected in cells. The HIF-α subunits contain an oxygen-dependent degradation domain in which proline residues in two -Leu-X-X-LeuAla-Pro-sequences are hydroxylated under normoxic conditions by a novel cytoplasmic and nuclear HIF prolyl 4-hydroxylase (HIF-P4H) family ( Fig. 1 ; Bruick and McKnight 2001; Epstein et al. 2001; Ivan et al. 2001 Ivan et al. , 2002 Jaakkola et al. 2001; Yu et al. 2001) . The 4-hydroxyproline residues formed by the HIF-P4Hs are required for the binding of HIF-α to the von Hippel-Lindau E3 ubiquitin ligase complex and its rapid subsequent proteasomal degradation in normoxia (Fig. 1) . Under hypoxic conditions this oxygen-requiring hydroxylation is inhibited, and HIF-α escapes degradation and dimerizes with HIF-β (Fig. 1) . The dimer is then translocated into the nucleus and becomes bound to the HIF-responsive elements in a number of hypoxia-regulated genes that facilitate adaptation to hypoxia and associated metabolic compromise (Fig. 1) . The transcriptional activation capacity of HIF is regulated by yet another oxygen-dependent hydroxylation event. Hydroxylation of a critical asparagine residue in the C-terminal transactivation domain of HIF-α blocks its interaction with the transcriptional coactivator p300 ( Fig. 1 ; Lando et al. 2002a ). The asparaginyl hydroxylase catalyzing this modification is identical to a protein known as factor inhibiting HIF ( Fig. 1 ; Hewitson et al. 2002; Lando et al. 2002b) .
Genes of collagens and their modifying enzymes as HIF targets
A hypoxia-responsive enhancer element was first identified in the gene for erythropoietin, a growth factor that stimulates erythrocyte production (Semenza et al. 1991) . This led to the isolation, cloning, and identification of HIF as the major mediator of the hypoxia-inducible expression of erythropoietin (Semenza and Wang 1992; Wang et al. 1995) . Since then, more than 40 HIF target genes have been identified (for a review, see Schofield and Ratcliffe 2004) . The closely related HIF-1α and HIF-2α regulate common target genes but also show specificity in that HIF-1α appears to act more effectively on genes for glycolytic enzymes, for instance, and HIF-2α on the gene for erythropoietin (Hu et al. 2003; Warnecke et al. 2004; Wang Fig. 1 Regulation of the stability and activity of hypoxia-inducible transcription factor-1α (HIF-1α) by oxygen-dependent hydroxylation. Under normoxic conditions, HIF-1α is hydroxylated by HIF prolyl 4-hydroxylases (HIF-P4H) and factor inhibiting HIF (FIH). Hydroxylation of one or two specific prolines of the oxygen-dependent degradation domain by the HIF-P4Hs is required for binding of the von Hippel-Lindau E3 ubiquitin ligase complex (VHL) and for subsequent proteasomal degradation. Hydroxylation of a specific asparagine in the C-terminal transactivation domain by FIH blocks the binding of the transcriptional coactivator p300 (P300). Hypoxia inhibits the HIF-P4Hs and FIH, HIF-1α escapes degradation, forms a stable dimer with HIFβ, and binds p300. The active dimer binds to the HIF-responsive elements in a number of hypoxia-inducible genes and activates their transcription Elvidge et al. 2006; Gruber et al. 2007; Rankin et al. 2007) .
Several genes involved in the synthesis, maintenance, and degradation of extracellular matrix are also regulated by HIF (Denko et al. 2003; Hofbauer et al. 2003; Wang et al. 2005; Chi et al. 2006; Elvidge et al. 2006; Erler et al. 2006; Pollard et al. 2008) , and hypoxia is thus likely to regulate extracellular matrix homeostasis directly through the activity of HIF. Hypoxia has been shown to increase the rate of collagen synthesis in several in vivo and in vitro studies (Falanga et al. 1993; Durmowicz et al. 1994; Ostadal et al. 1995; Perhonen et al. 1997; Tamamori et al. 1997; Berg et al. 1998; Norman et al. 2000; Takahashi et al. 2000; Tajima et al. 2001; Horino et al. 2002) . The exposure of rats to hypoxia, for example, has been shown to lead to an increase in the mRNA levels of proα1(I), proα1(III), and α2(IV) collagen chains in peripheral lung parenchyma (Berg et al. 1998 ) and of proα1(I), fibronectin, and tropoelastin in the pulmonary artery, where such an increase is correlated with enlarged vascular elastin and collagen fiber volumes in the adventitial layer (Durmowicz et al. 1994) . The mRNA level of proα1(I) procollagen polypeptides has also been shown to be increased in fibroblasts originating from various tissues and cultured under hypoxic conditions (Falanga et al. 1993; Tamamori et al. 1997; Norman et al. 2000) .
In certain other studies, increased deposition of type I and IV collagens has been detected under hypoxia with no increase in the corresponding collagen polypeptide mRNAs (Tajima et al. 2001; Horino et al. 2002) . In these cases, increased mRNA and protein levels of collagen P4H-I, an essential enzyme required for the generation of stable triplehelical collagen molecules Myllyharju 2008) , have been observed instead (Tajima et al. 2001 , Horino et al. 2002 . Three vertebrate collagen P4H isoenzymes, collagen P4Hs I-III, which differ in their catalytic α subunit, have been identified, collagen P4H-I being the major form in most cell types and tissues, with the exception of chondrocytes, osteoblasts, and capillary endothelial cells in which collagen P4H-II is the predominant form Holster et al. 2007; Myllyharju 2008) . The type III collagen P4H is expressed in many adult and fetal human tissues, but at much lower levels than the other two isoenzymes (Kukkola et al. 2003) . Increased mRNA levels of the α(I) and α(II) subunits of the vertebrate collagen P4Hs I and II have been reported in several additional studies (Takahashi et al. 2000; Hofbauer et al. 2003; Fähling et al. 2004; Elvidge et al. 2006; Pollard et al. 2008) . A two-fold to three-fold increase in the mRNA abundance of the α(I) subunit has been observed in fetal rat lung fibroblasts cultured for 8 h under 0%-2% O 2 (Takahashi et al. 2000) , and the mRNA levels of the α(I) and α(II) subunits are increased five-fold and twelve-fold, respectively, with concomitant two-fold to 2.5-fold and three-fold to four-fold increases in the protein level, after a 24 h exposure to 1% O 2 in a rat vascular smooth muscle cell line, whereas no induction has been detected in the mRNA levels of the α(III) subunit or proα1 (I) collagen (Hofbauer et al. 2003) . More robust induction has been observed in a mouse juxtaglomerular cell line that responds to hypoxia rapidly, the increases in the α(I) and α(II) mRNAs being five-fold to eight-fold and 25-fold to 33-fold, respectively, after exposure to 0.5% O 2 for 4.5 h (Hofbauer et al. 2003) . Similar increases have also been recorded in a mouse hepatoma cell line and mouse embryonic fibroblasts in which the effect has been shown to be HIF-1-dependent (Hofbauer et al. 2003) . In a MCF7 breast cancer cell line exposed to 1% O 2 for 16 h, the α(I) and α(II) mRNAs are upregulated about five-fold and 7.5-fold, respectively, whereas no changes have been detected in the α(III) mRNA level (Elvidge et al. 2006; Pollard et al. 2008) . Furthermore, increased synthesis of the α(I) protein under prolonged hypoxia has been shown to be regulated at the translational level by the interaction of an RNA-binding nucleolin at the untranslated region of the mRNA (Fähling et al. 2006) .
Collagen polypeptides are also hydroxylated by lysyl hydroxylases (LHs), the hydroxylysine residues generated having at least two important functions (Kivirikko and Pihlajaniemi 1998; Myllyharju and Kivirikko 2004; Myllyharju 2005) : they are essential for the stability of the intermolecular collagen crosslinks that provide the tensile strength and mechanical stability for collagens, and they serve as attachment sites for carbohydrates (Myllyharju 2005) . The vertebrate LH family consists of three isoenzymes, each with specific roles in collagen synthesis (Heikkinen et al. 2000; Rautavuoma et al. 2002 Rautavuoma et al. , 2004 Wang et al. 2002; van der Slot et al. 2003 van der Slot et al. , 2004 Myllyharju and Kivirikko 2004; Myllyharju 2005; Ruotsalainen et al. 2006; Takaluoma et al. 2007a, b) . The mRNA levels of LH1 and LH2 have also been shown, in several studies, to be increased by hypoxia. The LH1 and LH2 mRNA levels increase seven-fold and five-fold, respectively, in rat vascular smooth muscle cells exposed to 1% O 2 for 24 h, and five-fold and two-fold in mouse juxtaglomerular cells cultured under 0.5% O 2 for 4.5 h (Hofbauer et al. 2003) . The LH2 mRNA level has been shown to be highly upregulated in hypoxic primary and transformed keratinocytes, but not in fibroblasts (Denko et al. 2003) . The LH1 and LH2 mRNA levels increase about two-fold and 2.5-fold, respectively, in the MCF7 breast cancer cell line when exposed to 1% O 2 for 16 h, whereas no changes have been detected in the LH3 mRNA level (Elvidge et al. 2006; Pollard et al. 2008) .
Lysyl oxidase (LOX) catalyzes the crosslinking of collagen and elastin fibers (Lucero and Kagan 2006; Mäki 2009) , and its activity is essential for the normal development and function of the cardiovascular and respiratory systems and for perinatal survival (Mäki et al. 2002 (Mäki et al. , 2005 Hornstra et al. 2003) . The LOX family contains, in addition to LOX, four LOX-like proteins, LOXL 1-4, which are also likely to be involved in extracellular matrix synthesis (Lucero and Kagan 2006; Payne et al. 2007; Mäki 2009 ). In addition, LOX and LOXL proteins have been demonstrated to influence chemotactic responses, proliferation, and shifts between normal and malignant phenotypes (Lucero and Kagan 2006; Payne et al. 2007 ). LOX has been identified both as a tumor suppressor that inhibits the function of ras and as a gene promoting metastasis (Lucero and Kagan 2006; Payne et al. 2007 ). The LOX gene is one of the most strongly hypoxia-induced genes (Denko et al. 2003; Wang et al. 2005; Elvidge et al. 2006 ) and has been shown to be essential for hypoxia-induced metastasis (Erler et al. 2006) . Patients with highly LOX-expressing tumors have poor metastasis-free and overall survival rates, and the inhibition of the catalytic activity of Lox eliminates metastasis in mice with orthotopically grown breast cancer tumors (Erler et al. 2006) . Recently, the hypoxia-induced LOX has been reported to play a critical function in the formation of the premetastatic niche where it crosslinks basement membrane collagen IV and recruits bone marrow cells to produce a matrix metalloproteinase (MMP) that enhances invasion and metastatic growth (Erler et al. 2009 ).
Hypoxia also induces gene products that are involved in the regulation of extracellular matrix turnover. In particular, it increases plasminogen activator inhibitor-I (Kietzmann et al. 1999; Koong et al. 2000) , tissue-inhibitor of metalloproteinase-1 (Norman et al. 2000) , and connective tissue growth factor (Higgins et al. 2004 ), all in a HIF-1α-dependent fashion. Most notably, the accumulation of metalloproteinases is often reduced under hypoxic conditions (Norman et al. 2000) , although an increase of MMP13 has also been reported (Koong et al. 2000) .
Fetal growth plate
The fetal growth plate is a striking example of the critical and non-redundant role of HIF-1α in the survival and differentiation of hypoxic cells in vivo. Skeletal development depends on two mechanisms: intramembranous and endochondral ossification (Karsenty 2003) . In intramembranous ossification, mesenchymal cells develop directly into osteoblasts and form the flat bones of the skull. The endochondral ossification that accounts for the development of most other bones involves a two-stage mechanism in which chondrocytes form a matrix template, the growth plate that is then replaced by bone. During endochondral bone development the growth plate chondrocytes undergo well-ordered and controlled phases of cell proliferation, maturation, and death (Fig. 2) . The proliferative chondrocytes synthesize type II collagen and form a columnar layer (Fig. 2) . They then stop proliferating and differentiate into post-mitotic hypertrophic cells (Fig. 2) . Hypertrophic chondrocytes express predominantly type X collagen and mineralize their surrounding matrix (Fig. 2) . Differentiation is followed by the death of the hypertrophic chondrocytes, by blood vessel invasion, and finally by replacement of the cartilaginous matrix with bone.
The size of an organ is often stated to depend on two variables: cell number and cell size. This is only partly true for bone and cartilage, tissues in which the matrix is quantitatively as important as the cells. The cartilaginous matrix is formed by two components: proteoglycans and collagens. Proteoglycans are macromolecules that contain a core protein with multiple attached polysaccharide chains (Schwartz and Domowicz 2002) . Because of their high content of charged polysaccharides, proteoglycans are highly hydrated. The collagens of the growth plate matrix consist of the fibrillar type II and XI collagens, the fibrilassociated type IX collagen that binds proteoglycans, and the sheet-forming type X collagen (Olsen 1996; Myllyharju and Kivirikko 2004) . The type II and IX collagens are also found in the vitreous of the eye, whereas type II collagen is produced by the proliferating chondrocytes and upper hypertrophic chondrocytes in cartilage, and type X collagen is exclusively expressed by the hypertrophic chondrocytes (Fig. 2) .
HIF-1α as a survival and differentiation factor in the fetal growth plate
The fetal growth plate is unique among mesenchymal tissues, because it is avascular and requires an angiogenic switch for bone to replace it. Consistent with its avascularity, and differing from events observed in a postnatal setting (Shapiro et al. 1997) , the fetal growth plate contains a hypoxic central region (Schipani et al. 2001) . The presence and degree of hypoxia in mammalian fetal cartilage can be made evident by injecting EF5, a marker of bioreductive activity, into pregnant female mice at various gestational stages. EF5 reacts with cytoplasmic proteins in hypoxic cells, and these adducts can be detected with a specific antibody (Lord et al. 1993; Lee et al. 1996) . The fetal chondrocytic growth plate has been shown to bind EF5, whereas no binding is detected in the surrounding soft tissues. The most hypoxic chondrocytes are located in the round proliferative layer near the joint space, in the center of the columnar proliferative layer, and in the upper portion of the hypertrophic zone ( Fig. 3 ; Schipani et al. 2001 ).
These findings document a gradient of oxygenation, from the proliferative to the hypertrophic zone and from the outer to the inner region of the fetal growth plate.
Analysis of genetically modified mice has demonstrated that HIF-1α is essential for endochondral bone development. With the aid of a Cre-loxP conditional knockout strategy in which the Cre-recombinase is driven by a fragment of the type II collagen promoter (Col2a1-Cre) and a floxed HIF-1α allele, Schipani et al. (2001) have been able to demonstrate the critical and non-redundant role of HIF-1α in endochondral bone development (Fig. 4) . HIF-1α null chondrocytes (Col2a1-Cre;HIF-1α f/f ) undergo massive cell death, particularly in the center of the developing growth plate, showing that HIF-1α is essential for the survival of hypoxic chondrocytes in vivo ( Fig. 4 ; Schipani et al. 2001) . The finding that the death of the cells at the center of the developing growth plate is not preceded by ectopic hypertrophy (Schipani et al. 2001) suggests that chondrocyte death secondary to the lack of HIF-1α is different at the molecular level from the chondrocyte apoptosis that precedes blood vessel invasion and the replacement of cartilage with bone.
HIF-1α increases the cartilaginous matrix and thus drives the mesenchymal cells to differentiate into chondrocytes. Embryonic mesenchymal condensations that exclude blood vessels are highly hypoxic and express HIF-1α in both the limb bud and the axial skeleton (Amarilio et al. 2007; ). Moreover, a hypoxia-inducible reporter mouse line (5XHRE-LacZ reporter) shows activation of the reporter in mesenchymal condensations ). In a conditional knockout mouse line in which Fig. 3 Histological section of the digital rays of an autopod of a mouse at embyonic day 13.5 (E13.5). Staining with the marker of hypoxia, EF5 (red), shows that the chondrocytes are hypoxic in the digital rays. The "interzones", which will give rise to the perspective joints, are also highly hypoxic (white arrow). Bar 100 μm Fig. 2 Hematoxylin and eosin staining of the proximal growth plate of mouse tibia at birth. ×10 HIF-1α is inactivated in the limb bud mesenchyme (Prx1-Cre;HIF-1α f / f ), a lack of HIF-1α delays the differentiation of the mesenchymal cells into chondrocytes ( Fig. 5 ; Amarilio et al. 2007; ). Prx1 is a homeobox gene that is expressed predominantly in the mesenchyme (ten Berge et al. 1998). Prx1-Cre mice express Cre-recombinase largely in the limb bud mesenchyme, starting from embryonic day 9.5, before any condensation forms (Logan et al. 2002) . Analysis of Prx1-Cre;HIF-1α f / f mice has shown that HIF-1α is not required for the formation of precartilaginous condensations but has a non-redundant and critical role in the differentiation of mesenchymal cells into chondrocytes ( Fig. 5 ; Amarilio et al. 2007; ). Lack of HIF-1α in the limb bud mesenchyme causes a considerable delay in cartilage formation and in joint formation ( Fig. 5 ; Robins et al. 2005; Amarilio et al. 2007; Xu et al. 2007 ). These findings demonstrate the positive role of HIF-1α in chondrocyte differentiation and establish its essential role in endochondral bone development.
The role of hypoxia and HIF-1α in cell differentiation is tissue-specific, because HIF-1α maintains the stem cells in an undifferentiated state, inhibits the differentiation of mesenchymal cells into osteoblasts, adipocytes, and myocytes, but stimulates the differentiation of trophoblastic cells and dopaminergic neurons and chondrocytes (Morrison et al. 2000; Studer et al. 2000; Jogi et al. 2002; Yun et al. 2002 Yun et al. , 2005 Salim et al. 2004; Cowden Dahl et al. 2005; Gustafsson et al. 2005; Lin et al. 2006; Sainson and Harris 2006; Jeong et al. 2007; Simon and Keith 2008) .
HIF-1α and joint development
The HIF-1α protein and vascular endothelial growth factor-A (VEGF-A) mRNA are particularly abundant in the highly hypoxic developing joints, possibly because the avascular perichondrium surrounding them is thickened ). Even after the joint space has formed, the articular chondrocytes are significantly more hypoxic than the rest of the cartilage . Since a lack of HIF-1α in the limb bud mesenchyme delays joint development without altering the thickening of the perichondrium (Amarilio et al. 2007; ), we can conclude that thickening of the perichondrium precedes joint formation and is likely to be critical for joint development.
GDF5, Wnt14, and Noggin are essential regulators of joint development (Brunet et al. 1998; Storm and Kingsley 1999; Hartmann and Tabin 2001; Kingsley 2001; Guo et al. 2004) . Interestingly, microarray experiments have shown that brief exposure to 1% O 2 does not induce expression of the mRNA of any of these factors in ex vivo metatarsal explants ), indicating that they are unlikely to be direct transcriptional targets of HIF-1α. Similar results have been obtained with primary chondrocytes briefly cultured under hypoxic conditions ). Since chondrogenesis and joint formation are tightly coupled (Kornak and Mundlos 2003) , a delay in early chondrogenesis secondary to the lack of HIF-1α might impair joint formation. Because of the pronounced expression of HIF-1α in the prospective joint, however, delayed joint formation associated with the loss of HIF-1α may not be the only consequence of a delay in early chondrogenesis.
Role of post-translational modifications of collagens in mediating the survival and differentiation functions of HIF-1α in growth plate chondrocytes A variety of mechanisms can be invoked downstream of HIF-1α in its role as a survival and differentiation factor, including the regulation of VEGF expression and the modulation of metabolic pathways and autophagy Khatri and Schipani 2008) . Recent experimental evidence nevertheless indicates that the regulation of the post-translational modification of collagens, especially that of prolyl 4-hydroxylation, could be one of the modalities by which HIF-1α influences chondrocyte survival and differentiation. Collagen P4Hs bind O 2 much more efficiently than the HIF-P4Hs that trigger HIF-1α degradation (Hirsilä et al. 2003) , suggesting that collagen P4Hs can still function at low O 2 levels. The genes for the collagen P4H α(I) and α(II) subunits (P4HaI and P4HaII) are targets of HIF-1α-dependent hypoxia in chondrocytes and other cell types (Takahashi et al. 2000; Hofbauer et al. 2003; Grimmer et al. 2006; . Proper extracellular matrix accumulation is not only essential for organ development, but also promotes cell differentiation and survival through specific cell-matrix interactions (Svoboda 1998; Egerbacher and Haeusler 2003) . HIF-1α may thus operate as a survival and differentiation factor in chondrocytes, improving the efficiency of post-translational modifications of collagen type II and, in so doing, promoting the formation of a proper extracellular matrix. A defect in the post-translational hydroxylation of collagens leads to a decrease in extracellular matrix and an increase in under-hydroxylated collagens, which may in turn trigger an unfolded protein response (Pacifici and Iozzo 1988; Zhang and Kaufman 2006; Tsang et al. 2007 ) and be a cause of the delayed chondrogenesis observed in mice that lack HIF-1α in the limb bud mesenchyme. The positive effect of HIF-1α on matrix accumulation in chondrocytes is consistent with the role of hypoxia in promoting fibrosis under pathological conditions (Higgins et al. 2008) .
Hypoxia and HIF-1α may also modulate matrix formation by chondrocytes by up-regulating the expression of Sox9 (Robins et al. 2005; Amarilio et al. 2007 ), a master regulator of chondrogenesis (Huang et al. 2000; Smits et al. 2001; Akiyama et al. 2002; Lefebvre and Smits 2005) . In mouse bone marrow stromal cells in particular, hypoxia brings about an increase in the accumulation of HIF-1α and in Sox9 transcription (Robins et al. 2005) . Similar findings have been reported in limb bud micromass cultures (Amarilio et al. 2007 ) but not in primary chondrocytes or ex vivo metatarsal explants ). In addition to HIF-1α, HIF-2α has important roles in cartilage biology. HIF-2α, instead of HIF-1α, has been shown to be essential for hypoxia-enhanced matrix synthesis and SOX9 expression in human articular chondrocytes (Lafont et al. 2007 ). Furthermore, HIF-2α and HIF-1α have opposing effects in the regulation of autophagy in human and murine articular chondrocytes, HIF-2α acting as a brake on the autophagyaccelerator function of HIF-1α (Bohensky et al. 2009 ).
Future perspectives
This review summarizes our current knowledge of the role of hypoxia and HIF-1α in matrix formation and remodeling and of its importance in mediating the survival and differentiation functions of HIF-1α in developing cartilage and joints. The investigation of whether the regulation of collagen P4Hs is the main mechanism adopted by this transcription factor to control matrix accumulation in the developing growth plate is now of importance (Fig. 6) . Studies of the modulation of matrix accumulation by Fig. 6 Model for HIF-1α-dependent regulation of early chondrocyte differentiation and survival hypoxia and HIF-1α in cartilage and joints could significantly expand our understanding of both cellular adaptation to hypoxia under physiological conditions and cartilage and joint homeostasis.
